Fiber waviness is one of the initial defects in the filament winding process, and causes reduction of compressive strength of the composite structure. The mechanism of growth of fiber waviness is, however, not completely clear. In the present study, a model for generating fiber waviness is proposed. It is assumed to be due to local fiber micro-buckling arising from the compression load caused by shrinkage of a metal jig. Three faults are considered as causes of micro-buckling: bonding between metal jig and composite, insufficient cure of the resin, and initial deflection of fibers. Analysis and experiments based on this model have been carried out.
Introduction
Although applications of fiber reinforced composites (FRP) are increasing for aerospace structural components because of their high specific strength and stiffness, FRP is not widely accepted for other structures. One of the reasons is difficulty of processing FRP: many trial and error approaches are indispensable for preventing initial defects.
Fiber waviness is one of the important initial defects in the filament winding process, and causes large reduction of the compressive strength of composite structures (1) (2) (3) (4) (5) (6) (7) (8) .
Although fiber waviness is a significant problem in compressive stress-loaded composite structures, the mechanism of development of fiber waviness during the fabrication process has not been completely clarified (9) (10) (11) . Fiber waviness causes low reliability of FRP structures. Jochum et al. have proposed a model to explain the fiber waviness generating process (12, 13) on the basis of resin shrinkage strain during curing. Although the model predicts fiber waviness, it provides fiber waviness defects for all FRP products. Since it usually occurs by chance, there may be another model that can explain fiber waviness. In the present study, a new model that predicts fiber waviness on the basis of initial faults is proposed. The initial faults are poor release between a metal jig and a composite, insufficient degree of cure of the resin, and initial deflection of fibers. Poor release is usually caused by a rough coating of release agent, which creates a compression load on composites during cooling. An insufficient degree of cure is caused by insufficient mixing of curing agent or a too low cure temperature. This causes softer resin, and depresses the buckling stress of the composite. The initial deflection is caused by insufficient winding tension during the winding process. This becomes a source of buckling, and depresses the buckling stress of the composite. On the basis of these three initial faults, during the cooling process after curing thermal shrinkage of the metal jig causes micro-buckling of fibers, which is the seed for fiber waviness.
In the present study, a model of the phenomenon outlined above is introduced in detail. To verify the model experimental measurements were carried out: elastic properties were measured during cooling, at various temperatures and degrees of cure. Initial deflections of fibers were also determined experimentally. Analytical and experimental results were compared with assess the effectiveness of the proposed model.
Modeling of fiber waviness

Outline of the model
In the new model, compression stress σ is applied from the thermal contraction of the metallic jig during the cooling process after curing. During cooling, the elastic modulus of the insufficiently cured resin increases with decreasing temperature. Fiber micro-buckling with initial fiber deflection is caused by the compression stress and the change of the elastic modulus. The micro-buckling stress, σ b , is calculated using the model described here: the model includes the initial deflection of fiber and a non-linear relationship to shear deformation. When the condition σ>σ b is satisfied micro-buckling is predicted to occur. The displacement of micro-buckling become fiber waviness.
Micro-buckling stress σ b
As shown in Fig. 1 (a) , in-plane shear mode fiber buckling is considered here. The extension mode is not considered here because it is limited buckling mode only when volume fraction of fibers is small (1, 14) . A unit free body as shown in Fig. 1 (b) is adopted to predict fiber micro-buckling stress with initial deflection. The initial deflection, v 0 , and the total deflection, v , are approximated as
where f is amplitude and l is the half-wavelength. The momentum equilibrium equation of the target free body, as shown in Fig. 1 (b) , is obtained as 0
where M is bending moment, V is shear force, dx is the length of the target free body, σ is applied compression stress, and A is cross sectional area of the free body. Since the effect of applied moment is small compared with the shear deformation, the first term of Eq. (3) is neglected. 
For small increments of γ and σ, in Eq. (5)
Eq. (6) is rewritten using the definition of shear stress: τ
Using the shear stress-strain relationship for a small increment expressed by:
Numerical analysis of Eq. (8) is carried out here, enabling us to draw a γ-σ diagram. The micro-buckling stress, σ b , is defined as the maximum compressive stress. Here we forcused the minimum σ b when x=2l, because fiber-waviness occurs when σ exceeds σ b at first.
Shear modulus G
As shown in the previous section, the micro-buckling stress, σ b , depends on the shear elastic modulus G of the composite as shown in Eq. (8) . As previously mentioned, the resin has insufficiently cured in the present model. To represent the effect of insufficient degree of cure, G must be obtained as a function of temperature, T, and degree of cure, β.
First, G for full cure at room temperature must be defined as a basic constitutive equation of shear deformation. In the present study, the non-linear relationship between the shear stress and shear strain is expressed using two separate equations as follows.
Small strain region (γ<0.001):
Large strain region (0.001<γ):
For the small strain region, the linear elastic relationship of Eq. (10) is simple and the best candidate. For the large strain region, a bi-linear curve is not sufficient to represent the non-linear relationship and the square root curve is adopted to represent non-linear shear deformation.
To represent the effects of temperature and degree of cure, the coefficients G l and G nl are considered to be functions of T and β. Experiments at various values of T and β were performed to determine G l and G nl , as described below.
(a) Experimental method
To obtain the shear stress-strain relationship, tensile tests of a rectangular specimen of [(+45/-45) 3 ] S according to JIS K 7079 (Japanese Industry Standard K7079) were performed. Eight pairs of T and β values were used to determine the effects of T and β. Curve fitting was then performed to obtain a simple approximated relationship. Although this study was focused on the filament winding method, prepreg forming was adopted to investigate the basic effects of T and β on the shear stress-strain diagram. The use of prepreg sheet facilitated the experimental work.
The specimen was formed from PYROFIL #380 (CFRP prepreg, Mitsubishi rayon Co. Ltd.). The degree of cure of the specimen was controlled by adjusting the cure cycle. The specimen configuration is shown in Fig. 2 . 2.5 mm thick GFRP tabs were attached to both ends of specimens, and biaxial strain gages were attached to the center of specimens. To perform the high temperature tests, a silicon rubber heater (O&M Heater Co. Ltd., 1-130-02) was mounted on the specimens and glass wool was wound around the specimens as a heat insulator. The test equipment configuration is shown in Fig. 3 . This experiment was performed at constant temperature. Temperature was measured by thermocouple (Labfacility Co. Ltd., 621-2158). The specimen temperature was kept constant by adjusting input voltage (using a high speed bipolar amplifier, NF Co. Ltd., HSA4101). Tensile testing was performed using a material testing machine produced by Shimadzu Co. Ltd. (Autograph AG-I), at crosshead speed 1 mm s -1 . Strain was measured using a static strain logger (KYOWA Co. Ltd., UCAM-65A). To neglect the change of degree of cure during experiments, these tensile tests were performed in a short time compared to the curing process. The test conditions were as follows. 
(b) Experimental results
A typical measured stress-strain curve is shown in Fig. 4 . For this experiment the degree of cure (β) was 0.36 and temperature (T) was 20ºC. Curve fitting to Fig. 4 was performed using Eqs. (9) and (10) . In the small strain region (γ <0.001) Eq. (9) was used, and Eq. (10) was used in the large strain area (0.001<γ <0.003). The result was as follows. between G nl and T.
(c) Derivation of the functions G l and G nl
Fitting to the data of Figs. 5 and 6 was performed using a exponential function of temperature to give the coefficients of the exponential function of T. To these coefficients, further fitting was performed using a exponential function of β. The resulting functions G l and G nl were 
Applied compression stress σ
To calculate the thermal contraction stress, σ, the adhesive bonding model of composite and jig shown in Fig. 7 was considered. This is based on the assumption of perfect bonding between jig and composite. Usually jig thickness h j is larger than composite thickness h c . The thick jig enables us to neglect the coupling deformation between the jig and the composite. The thermal contraction of the jig when the jig is cooled through a temperature interval ∆T is given by
where ε j is the strain and α j the coefficient of thermal expansion, respectively, of the jig.
The strain of the composite is assumed to have the same value as the strain of the jig, because they are perfectly bonded. The stress applied to the composite is
where Ε is the elastic modulus and ε the strain, respectively, of the composite.
To derive the Eq. (16), the viscoelasticity is neglected. This is because the loading caused by the jig shrinkage during cooling process is slow enough like the quasi-static shrinkage. Fig. 9 Measured relationship between E and T.
Elastic modulus E
According to Eq. (16), the applied compression stress σ depends on the elastic modulus E. As for shear deformation, the temperature and degree of cure affect the elastic modulus E. To calculate the compression stress σ, E is required as a function of T and β. To determine E, the following experiments were performed.
(a) Experimental method
Similar to G l and G nl , stress-strain diagrams for the nine pairs of T and β values were determined. E as a function of T and β was derived from fitting the stress-strain diagrams.
Stress-strain diagrams of compressive deformations were determined by tensile tests, because the elastic feature in the fiber direction is approximately the same and the mechanical property in the fiber direction is affected small by the small temperature change.
The tensile tests were performed according to JIS K 7073. The specimen was formed from Pyrofil #380, and the stacking sequence was [0] 5 . The specimen configuration is shown in Fig. 14. 1 mm thick GFRP tabs were attached to both ends and strain gages to the center of specimens. For the high temperature tensile test, the same equipment as for the shear tensile test was used with crosshead speed 1 mm s -1 . The test conditions were (β, 
T(ºC)
)
(b) Experimental results
Curve fitting to all of the stress-strain diagrams gave E, which is presented in Fig. 9 .
(c)Derivation of the function E
Fitting to Fig. 9 was performed using a exponential function of T, and further fitting to obtain the coefficients of the exponential function was performed, giving the function Strain gage GFRP tab
Analysis procedure
The procedure used to calculate the micro-buckling stress, σ b , and the applied compression stress, σ, is shown in Fig.10 . First, the degree of cure, β, was calculated from the given temperature T. For this calculation, the following prediction formula (16) was used.
In this formula, k 1 , k 2 , m, n are functions of T as shown in Table 1 , which were determined by heat release data, measured using differential scanning calorimetry (DSC), for the resin Pyrofil #380. The values obtained are presented in Table 1 .
After calculation of β, the constitutive equation of shear deformation (G) was obtained from the given T and calculated β. The constitutive equation enabled us to calculate the buckling stress σ b . The constitutive equation of the compressive deformation (E) was obtained from given T and calculated β. The constitutive equation enabled us to calculate the applied stress σ. After those calculations, the diagram of σ and σ b versus T was drawn. When σ > σ b , micro-buckling will occur at the corresponding temperature, and the temperature at this time was taken as the waviness onset temperature. 18) (PYROFIL#380). Fig. 10 Flowchart of fiber waviness model.
Comparison of experiment and analysis
Object
To verify the effectiveness of the proposed model, experimental and analytical values of the waviness onset temperatures were compared.
Experimental method
For proper comparison the analytical and experimental results must be obtained from data measured under the same conditions, which were realized by forming CFRP under developing waviness. The analytical waviness onset temperature was calculated from the measured temperature history during CFRP forming. The experimental waviness onset temperature was obtained by surface observation during CFRP forming. Those two results were compared.
In this model, filament winding was the target processing method, and hence the most appropriate experimental subject. However, prepreg forming was used to simplify the experiments, and filament winding original faults of processing conditions were simulated in the prepreg forming. Bonding between jig and composite was simulated by not using release agent, and insufficient cure of resin was realized by processing with shorter than usual curing time. Initial deflections of fibers were substituted by measuring deflections that existed initially in the prepreg. In the case of prepreg forming, the up side jig prevents observation of the surface condition of laminates. In order to effect surface observation, a transparent glass plate (Tenpax Float ® ) jig was used as the up side jig. In this case, the difference of the coefficients of thermal expansion of the up side and down side jigs became a problem. To remove this effect of the up side jig, poly(ethylene terephthalate) (PET) film was inserted between the up side jig and composite, as shown in Fig. 11 . The film was attached to the composite, but it slipped on the glass plate and the effect of the up side jig became negligible. The PET film was thinner and softer than the composite, so that the effect of the film on composite shrinkage was insignificant.
To verify the effectiveness of the proposed model, comparison for only one condition is not sufficient. For that reason, comparison for three conditions was conducted, namely with the three jig materials aluminum alloy (A5052), polycarbonate (Takiron CO., LTD, PC1600) and stainless steel (SUS304). Since each jig had a different coefficient of thermal expansion, the compression stress applied to the composite was different for each jig, and the waviness onset temperature was predicted to be different with each jig. The coefficients of thermal expansion were A5052: 2.48×10 -5 (ºC) -1 , polycarbonate: 6.50×10 -5 (ºC) -1 ,
As shown in Fig. 12 , one ply of CFRP prepreg (Pyrofil #380) was stacked in the 0º direction on aluminum alloy or poly carbonate or stainless steel. To prevent the resin from flowing out, vinyl tape was attached to the edges of the down side jig. A hole was bored in the glass plate and a thermocouple (Labfacility Co. Ltd., 621-2158) was fixed in the hole with epoxy resin. After putting the glass plate in contact with the composite, to maintain a constant 0.6 MPa pressure during curing the up side jig and down side jigs were squeezed by four vices. The assembly was heated in an electric oven (ISUZU, drying oven KOSUMOSU) until the degree of cure β reached 0.85. That value of β was determined by preliminary experiment; fiber waviness often occurred at about that value of β.. To realize insufficient resin cure by adjusting the cure cycle, rapid cooling was necessary to prevent excessive cure during the cooling process. Rapid cooling was achieved using forced air cooling with a fan. During air cooling, images of the surface of the composite were captured by video camera. The observation area was a 2x2 cm square as shown in Fig. 12 .
For calculations based on the proposed model, initial deflection data for the prepreg were required. In Eq. (8), L is dependent on the ratio of amplitude and wavelength (f 0 /l) of the initial deflection. That is why the necessary value for calculation is f 0 /l. Ten specimens of prepreg (Pyrofil #380) were cut into 2x2 cm squares to match the observation area. The surface of these specimens was cleaned with acetone to remove resin, and observed by video microscope (Scalar, VMS1000G). The values of f 0 and l were measured for all initial deflections found. An initial deflection was defined as a part: from the start point that the fiber was out of alignment to the end point that the fiber was out of alignment. A example of an initial deflection is shown in Fig. 13 . The maximum value of f 0 /l for each specimen is given in Table 2 . From these results, the average maximum value of f 0 /l was confirmed to be 6.0%, and that value was used in the subsequent calculations.
As the shapes of initial deflections in the observation area varied widely, the waviness onset temperature depended on location. However, using the maximum value of f 0 /l for the 2x2 cm specimens enabled us to obtain just one datum, namely the highest waviness onset temperature in the 2x2 cm observation area.
By the way, the out-of-plane buckling mode is not considered in this model, although it can be considered theoretically. This is because to measure the out-of-plane initial deflection is quite difficult.
Although the fiber volume fraction of specimens are not measured here, the effects are considerd to be small. These all specimens are made of prepreg sheet without using resin reduction, and these have similar fiber volume fraction.
Comparison results
The measured temperature history and calculated degree of cure are presented in Fig.  14 (a) , (b) and (c) for aluminum, polycarbonate and stainless steel jigs, respectively. Using this temperature history and degree of cure, the micro-buckling stress, σ b , and applied compression stress, σ, were calculated from the proposed model (see Fig. 15 ). In Fig. 15 (a) σ exceeds σ b at 98.1ºC, predicting a waviness onset temperature of 98.1ºC. In Fig. 15 (b) σ exceeds σ b at 114.4ºC, predicting a waviness onset temperature of 114.4ºC for the polycarbonate jig condition. In Fig. 15 (c) σ does not exceed σ b , predicting no occurrence of fiber waviness.
Pictures of the surfaces of specimens during cooling are presented in Fig. 16 . The start point of developing waviness is encircled on the Figure. The pictures for the aluminum jig condition (Fig. 16 (a) ) are presented to clarify the onset of waviness, and confirm that the waviness onset temperature is 96ºC. The difference between the analytical and experimental results is 2.1ºC, which is acceptable agreement. From the pictures of the polycarbonate jig condition (Fig. 16 (b) ), the onset temperature for waviness is confirmed to be 113ºC. The difference between the analytical result and experimental results is 1.4ºC, which again is acceptable agreement. The pictures for the stainless steel jig condition (Fig. 16 (c) ) confirm that no fiber waviness occurred, as predicted by the analysis.
As mentioned above, for the three conditions, good agreement between the analytical and experimental results was found, thus verifying the effectiveness of the proposed model. 
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Conclusions
A new fiber waviness model for the filament winding process is proposed. The deflection caused by the micro-buckling during cooling process after curing is regarded as fiber waviness. The model is based on three faults: bonding between jig and composite, insufficient cure of resin and initial deflection of fibers.
Comparison of analysis and experiment on the waviness onset temperature was conducted for three jig materials. For each material good agreement between analysis and experiment was found, verifying the effectiveness of the proposed model. 
